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FGF signalingUDP-xylose synthase (Uxs1) is strongly conserved from bacteria to humans, but because no mutation has
been studied in any animal, we do not understand its roles in development. Furthermore, no crystal structure
has been published. Uxs1 synthesizes UDP-xylose, which initiates glycosaminoglycan attachment to a
protein core during proteoglycan formation. Crystal structure and biochemical analyses revealed that an
R233H substitution mutation in zebraﬁsh uxs1 alters an arginine buried in the dimer interface, thereby
destabilizing and, as enzyme assays show, inactivating the enzyme. Homozygous uxs1 mutants lack Alcian
blue-positive, proteoglycan-rich extracellular matrix in cartilages of the neurocranium, pharyngeal arches,
and pectoral girdle. Transcripts for uxs1 localize to skeletal domains at hatching. GFP-labeled neural crest
cells revealed defective organization and morphogenesis of chondrocytes, perichondrium, and bone in uxs1
mutants. Proteoglycans were dramatically reduced and defectively localized in uxs1 mutants. Although
col2a1a transcripts over-accumulated in uxs1 mutants, diminished quantities of Col2a1 protein suggested a
role for proteoglycans in collagen secretion or localization. Expression of col10a1, indian hedgehog, and
patched was disrupted in mutants, reﬂecting improper chondrocyte/perichondrium signaling. Up-regulation
of sox9a, sox9b, and runx2b in mutants suggested a molecular mechanism consistent with a role for
proteoglycans in regulating skeletal cell fate. Together, our data reveal time-dependent changes to gene
expression in uxs1mutants that support a signaling role for proteoglycans during at least two distinct phases
of skeletal development. These investigations are the ﬁrst to examine the effect of mutation on the structure
and function of Uxs1 protein in any vertebrate embryos, and reveal that Uxs1 activity is essential for
the production and organization of skeletal extracellular matrix, with consequent effects on cartilage,
perichondral, and bone morphogenesis.F. Eames), asinger@zﬁn.org
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regon.edu (X. He),
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The vertebrate skeleton provides structural support for muscle
attachments and a protective casing for vulnerable internal organs.
These functions rely on the coordinated secretion of dense extracellular
matrix (ECM) by skeletal precursor cells during embryonic develop-ment. Proteinaceous components of skeletal ECM include collagens,
elastin, and proteoglycans. Collagens anchor and reinforce the ECM;
elastin provides ﬂexibility (Velleman, 2000); and proteoglycans impact
cell division, cell adhesion, andmigration (Holt andDickson, 2005;Kirn-
Safran et al., 2004; Lander and Selleck, 2000; Knudson and Knudson,
2001). Proteoglycans contain repeating disaccharides (glycosaminogly-
cans, or GAGs) linked to a protein core (Prydz and Dalen, 2000) and
include fourmajor classes: dermatan, keratan, chondroitin, and heparan
sulfate. In addition to impartinghydrostatic properties to skeletal tissues
through GAG sulfation and hydration, proteoglycans can play a role in
cell signaling. For example, heparan sulfate proteoglycans (HSPGs) help
cell receptors bind growth factors (Izvolsky et al., 2003; Lin et al., 1999)
and although the mechanism remains unclear, Cspg1 (Aggrecan)-
deﬁcient mutant chickens have dwarfed bones (Velleman and Clark,
1992).
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blasts directly via intramembranous ossiﬁcation, but chondral bones
form by endochondral ossiﬁcation, during which developing chon-
drocytes and an overlying osteogenic epithelium, the perichondrium,
interact (Eames et al., 2003). Understanding how these cell types
signal each other and how proteoglycans play structural roles is
important because impaired signaling between chondrocytes and
osteoprogenitors can lead to osteoarthritis, a disease in which bone
spurs replace cartilage in many people over age 65 (Ala-Kokko et al.,
1990; Kizawa et al., 2005; Knowlton et al., 1990; Rothschild and
Panza, 2007).
Proteoglycan biosynthesis initiates with the addition of a common
tetrasaccharide linker to a core protein. Vertebrates use UDP-xylose,
the ﬁrst sugar in the linker, almost exclusively for proteoglycan
synthesis (xylose is also added to EGF-repeat domains of some
proteins (Bakker et al., 2009; Ishimizu et al., 2007). UDP-xylose
biosynthesis begins with the conversion of UDP-glucose into UDP-
glucuronic acid by UDP-glucose dehydrogenase (Ugdh). Zebraﬁsh
with diminished Ugdh activity have defective craniofacial and
coronary development (Neuhauss et al., 1996; Walsh and Stainier,
2001). Next, UDP-xylose synthase (Uxs1, also called UDP-glucuronic
acid decarboxylase or UGD, EC 4.1.1.35) converts UDP-glucuronic
acid into UDP-xylose (Kearns et al., 1993; Vertel et al., 1993). The
GAG tetrasaccharide linker of proteoglycans is initiated by a
xylosyltransferase, which adds UDP-xylose to a serine residue of the
core protein. Galactose and glucuronic acid transferases then add two
galactoses and one glucuronic acid, completing the tetrasaccharide
linker. GAG synthesis continues as exostosins (Ext1a, Ext1b, Ext1c,
Ext2, Extl2, and Extl3 in zebraﬁsh) add disaccharide constituents
(Kjellen and Lindahl, 1991; Knudson and Knudson, 2001; Lin, 2004).
Zebraﬁsh mutations in ext2 (dackel (dak)), extl3 (boxer (box)), and
solute carrier family 35, member b2 (pinscher (pic); previously termed
3’-phosphoadenosine 5’-phosphosulfate transporter 1, or papst1) show
that GAG synthesis and sulfation are important for axon sorting and
cartilage morphogenesis (Clement et al., 2008; Lee et al., 2004;
Schilling et al., 1996). The developmental roles of Uxs1, however, are
poorly understood because vertebrate models that lack Uxs1 activity
have not yet been investigated.
In a mutation screen for neural crest defects, we identiﬁed man
o'war (mow), which, like the sox9amutation jellyﬁsh (Yan et al., 2002),
fails to form craniofacial cartilages. Our molecular genetic analyses
showed that themoww60 mutation causes an amino acid replacement
in the zebraﬁsh uxs1 gene and is allelic to the viral insert hi3357
(Amsterdam et al., 2004; Golling et al., 2002; Nissen et al., 2006).
Sequence alignments reveal Uxs1 to be one of the most highly
conserved non-mitochondrial proteins, preserving 57% amino acid
identity between the bacterium Rhodospirillum rubrum and human.
Using the crystal structure of human UXS1, we modeled the moww60
substitution and found it to disrupt interactions at the enzyme's
dimer interface, which should reduce or eliminate enzymatic activity.
Indeed, our biochemical analyses revealed that an amino acid
replacement homologous to the moww60 allele destroys human
UXS1 activity. Transcripts of uxs1 are deposited maternally, and
then uxs1 is expressed zygotically in regions of the developing
craniofacial skeleton. Histochemical and immunohistochemical inves-
tigations showed that wild-type uxs1 is essential for the production
and organization of many components of the ECM, including both
proteoglycans and collagens. Additionally, confocal microscopy of
GFP-labeled cranial neural crest cells revealed a critical role for uxs1
in directing the morphology of chondrocytes, perichondrium, and
bone during craniofacial development. Our molecular analyses
demonstrated that chondrocyte maturation and Hedgehog signaling
is dependent upon uxs1. Finally, our observation that the early
chondrogenic markers sox9a, sox9b, and runx2b were up-regulated
in uxs1 mutants provide a mechanistic explanation for many of
the defects in endochondral ossiﬁcation, and furthermore suggest anovel feedback role for proteoglycans as skeletal progenitor cells
undergo differentiation. Speciﬁcally, our data show proteoglycans to
modify signaling pathways in early chondrogenic condensations and
in later interactions between chondrocytes and perichondrium.Materials and methods
Mapping and cloning of moww60
Adult male AB zebraﬁsh (Danio rerio) were treated with
ethylnitrosourea to induce point mutations and out-crossed to wild-
type females. F2 families were produced and F3 larvae were screened
for mutant phenotypes. The moww60 allele showed reduced pharyn-
geal cartilages. For mapping, heterozygous moww60 ﬁsh on an AB
background were mated to WIK wild-type ﬁsh. F2 individuals were
genotyped for 311 well-distributed simple sequence repeats (Knapik
et al., 1998; Shimoda et al., 1999), identifying linked zmarker z3124.
The zebraﬁsh genome sequence nearby was screened for candidate
genes involved in skeletal differentiation and mapping primers were
designed in candidate genes. For uxs1, primers were designed to
amplify a simple sequence repeat (SSR) in intron-7 (scaff346.117+
GCAGCGTGAAAAAGCAAAGAC and scaff346.524-ACCGCCGC-
CTGTGACGA). cDNA for uxs1was ampliﬁed and isolated for sequencing
using overlapping fragments ampliﬁed by primer sets designed from
NM_173242 (Uxs1.114+TGACCGTTGGACAAGGGAGGATTTA, Uxs1.421-
CTATTTGAAGAGCGGCTGCACGACTAT; Uxs1.309+AGCCGAAAA-
TAAACTGCCCAGACTACTT, Uxs1.594-CATCCGCATCATCCTCCAGCACAC;
Uxs1.394+ CATAGTCGTGCAGCCGCTCTTCAAAT, Uxs1.757-
GTCCCACTGCCTCATCTATCCTCTGCTC; Uxs1.854+TCACCGGTGGGGCAG-
GATTC, Uxs1.1397-ACCACTCGCCCGTCGTTCAT; Uxs1.945+
CGGCCGCAAGCGCAATGTAGA, Uxs1.1340-ACTCGCACCTCCA-
CTCCTTCCTGTTTC; Uxs1.1251+TGGTCCCCGGGCCTGTTATGATG,
Uxs1.1685-AGTTTGGCCCTGCGGATGTCG). To genotype moww60 ﬁsh, we
used primers MOW.928+CACCCCCAAAATGAGGACTACTG and
MOW.1277-AGAGCTCGCAACGGCATAAGAT, which amplify a 349 bp
fragment that yields 274 and 75 bp fragments from the moww60 mutant
amplicon but leaves the wild-type amplicon intact after digestion by
NspI. To detect the hi3357 pro-viral insertion, we used primers that
ﬂank the insertion site (Uxs1.e1.398+GTCGTGCAGCCGCTCTTCAAAT and
Uxs1.e1.597-GCTCATCCGCATCATCCTCCAG) and yield a 199 bp fragment
from wild type but no fragment from homozygous hi3357 mutants; a
wnt5a amplicon veriﬁed DNA quality (Golling et al., 2002). All work with
animals was approved by the appropriate Institutional Animal Care and
Use Committee.Sequence alignments
Uxs1 sequences: human, Homo sapiens NP_079352 (179/311, 57%
identity to the bacterial protein); mouse, Mus musculus NP_080706
(179/311, 57%); chicken Gallus gallus XP_416926 (180/311, 57%);
frog Xenopus tropicalis NP_001006849 (178/311, 57%); pufferﬁsh
Tetraodon nigroviridis CAG05807 (145/252, 57%); zebraﬁsh Danio
rerio NP_775349 (178/311, 57%); beetle Tribolium castaneum
XP_969232 (180/305, 59%); fruitﬂy Drosophila melanogaster
NP_648182 (186/311, 59%); fungus Cryptococcus neoformans
XP_572003 (176/316, 55%); rice Oryza sativa EAY89464 (192/304,
63%); mustard Arabidopsis thaliana NP_180443 (192/305, 62%);
bacterium R. rubrum YP_428334 (311/311, 100%). Tgds sequences:
human H. sapiens NP_055120; mouseM. musculus EDL00567; chicken
G. gallus XP_416988; frog Xenopus laevis NP_001088301; zebraﬁsh
Danio rerio NP_956111; mustard A. thaliana NP_564633; rice O. sativa
NP_001049724; bacterium R. rubrum YP_425086. Clustal-X alignment
is available on request; sequences were trimmed to include only
unambiguously aligned sequences.
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We downloaded the human proteome from Ensembl (Birney et al.,
2004; Kasprzyk et al., 2004) using NCBI v36 of the human genome
obtained from Ensembl version 41. From the US Department of Energy
Joint Genome Institute (http://www.jgi.doe.gov/), we obtained the
genome sequence of the bacterium R. rubrum, strain ATCC 11170.
To rank the conservation of Uxs1 relative to other proteins, we
performed a BLASTp search using each human protein as a query
against a database of all R. rubrum proteins using WU-BLAST (http://
blast.wustl.edu/) with the BLOSUM62 substitution matrix (Henikoff
and Henikoff, 1992) and recorded only BLAST hits with an E-value
less than 1×10−5. We used a gap opening penalty of 11 and a gap
extension penalty of 1.
Puriﬁcation of wild-type human UDP-xylose synthase
Human UXS1 cDNA was purchased from ATCC® (catalog number
10658721). For protein expression, a construct lacking the 84 residue
N-terminal transmembrane domain was cloned into a Pet-15b
expression vector (Invitrogen) that was modiﬁed to include a tobacco
etch virus protease cleavage site in place of the thrombin site
following the N-terminal 6-His tag. The 84-residue truncation was
necessary to express soluble protein, and was based on the deposited
crystal structure of human UXS1 in complex with UDP (PDB entry
2B69). UXS1 expression was induced from 4 l of logarithmically
growing cells (OD600 ∼1.0) after reducing temperature to 20° and
adding IPTG (Sigma-Aldrich) to a ﬁnal concentration of 0.1 mM. Cells
were harvested after 6 h and lysed by sonication. The His-tagged UXS1
was puriﬁed with Talon(R) afﬁnity resin (Clontech) and eluted with
250 mM imidazole (Sigma-Aldrich). The His tag was removed with a
codon-optimized tobacco etch virus protease (van den Berg et al.,
2006). The cleaved protein was dialyzed into 20 mM Tris pH 8.0,
250 mM NaCl and concentrated to 11 mg/ml.
Generation of human UDP-xylose synthase R236H
A human wild-type UXS1 clone (above) was mutagenized with
QuikChange™ site-directed mutagenesis kit (Agilent Technologies-
Stratagene). DNA sequencing conﬁrmed the human UXS1 clone
mutation, resulting in an enzyme incorporating histidine instead of
arginine at amino acid position 236, equivalent to zebraﬁsh moww36
mutation, Uxs1 R233H. Puriﬁcation proceeded as for wild-type UXS1
(above).
Determining UDP-xylose synthase activity
Human wild-type UXS1 or human UXS1 R236H (10 µg) was
incubated (18 h, 37 °C) with substrate UDP-glucuronic acid (1 mM) in
reaction buffer (100 mM sodium phosphate pH 6, 10 mM dithio-
threitol, 1 mM EDTA). Protein was precipitated with acetonitrile and
soluble compounds were resolved by capillary zone electrophoresis
for 25 min at 22 V (3D-CE ChemStation, Agilent) in 50 mM sodium
borate pH 9.0. Peaks were identiﬁed with known standards.
Reverse transcriptase-PCR
Total RNAwas extracted using Tri Reagent kit (Molecular Research
Center Inc., Catalog # TR-118) according to manufacturer's instruc-
tions. Superscript III RNase H-reverse transcriptase (Invitrogen,
#18080-044) and oligo(dT) primers synthesized ﬁrst strand cDNA.
Reverse transcriptase was heat inactivated and RNA was degraded
with RNaseH (Biolabs, M0297S). Primers for uxs1 were Uxs1.1251+
and Uxs1.1685− and for actin were as described (Krovel and Olsen,
2004).Fluorescent cell labeling
Crosses produced homozygous moww60 and uxs1hi3357 mutants
carrying Tg(ﬂi1:EGFP)y1 (Lawson and Weinstein, 2002), which we
imaged live by confocal microscopy. Larvae were grown in 15 mg/L
PTU to minimize pigment. One day prior to observation, 200 µl of 0.3%
Alizarin red was added to the water to visualize bone. Z-sections at
1.5 µm intervals were taken ventral to dorsal at 20x and 0.25 µ at 60x
on a Zeiss confocal microscope.
Whole-mount in situ hybridization
Expression analysis was performed as in Jowett and Yan (1996).
A 625 bp antisense probe in the 5’ untranslated region (UTR) of uxs1
was ampliﬁed from a 2 dpf (days post fertilization) cDNA library using
primers Uxs1.1252 and Uxs1.1877. Probes for sox9b, sox9a, ptc1, ptc2,
runx2b, col2a1a, col10a1, runx2a, ihha, ihhb, gli3, and erm were as
described (Avaron et al., 2006; Yan et al., 1995; Yan et al., 2002; Yan
et al., 2005).
Detection of ECM components
Alcian blue (cartilage) and Alizarin red (bone) double staining was
performed as described (Walker and Kimmel, 2007). Wheat
germ agglutinin (WGA) staining was performed using biotinylated
succinylated WGA (Vector Laboratories, Catalog #B-1025 S) as
described (Lang et al., 2006). Whole-mount antibody staining for
heparan sulfate (α-HS) (USBiological, Catalog# H1890), chondroitin
sulfate (α-CS) (Sigma, product #C8035), and type II collagen (α-
Col2a1) (Polysciences, Inc., Catalog# 23707) was conducted by
ﬁxation in 4% paraformaldehyde, dehydration with 100% methanol,
rehydration with PBST followed by digestion with 0.1% trypsin at
37 °C for 2 h and 30 min for 5 and 3 dpf, respectively. Following two
PBST rinses, α-HS and α-Col2a1 samples were incubated with 0.5%
hyaluronidase (USBiological, Catalog # D-H7981-01) in 1× PBST for
30 min at 37 °C, followed by PBDT washes. Blocking solution was
added to tubes containing 2% goat serum in PBDT for 2 h. Antibodies
α-HS, α-CS, and α-Col2a1 were added at 1:200, 1:100, and 1:100
dilution respectively and incubated overnight at 4 °C. Secondary
antibodies goat-α-rabbit-HRP for α-Col2a1, goat α-mouse-Alexa488
for α-CS and goat-α-mouse-AP for α-HS were used at 1:1000.
Histochemical detection of antibodywas carried outwith VECTASTAIN
ABCReagent kit (Vector Laboratories, Cat. No. PK-4000) andNBT/BCIP,
respectively.
Results
Chondrogenesis and osteogenesis require mow function
A screen of mutagenized chromosomes identiﬁed man-o’-war
(moww60), a mutant phenotype that, like jellyﬁsh (sox9a) (Piotrowski
et al., 1996; Yan et al., 2002), lacks Alcian blue-positive, neural crest-
derived cartilages. Compared to wild-type siblings at 5 days post
fertilization (5 dpf), homozygous moww60 mutants lacked tissue
anterior to the eyes and had reduced lower jaw, a shortened body
axis, and small pectoral ﬁns (Fig. 1A, B, E and F; and data not shown).
Histological staining of skeletal tissues showed that 7 dpf homozygous
moww60 embryos lacked robust Alcian blue-positive pharyngeal and
neurocranial cartilages (Fig. 1C, D, G and H), including Meckel's
cartilage, ceratohyal, palatoquadrate, and ceratobranchials. Alizarin
red, which marks ossiﬁcation centers, identiﬁed reduced bone
formation in moww60 embryos. For example, the parasphenoid, 5th
ceratobranchial, and opercle showed Alizarin red staining in moww60
embryos, but these skeletal elementsweremuch smaller than those in
wild types. Compared to wild types, homozygous moww60 mutants
also had fewer Alizarin red-positive skeletal elements, such as the
Fig. 1. Craniofacial and skeletal phenotypes of zebraﬁsh larvae. Ventral and lateral views of live (A, B, E, F, I, J, M, N) and Alcian blue-, Alizarin red-stained (C, D, G, H, K, L, O, P) animals.
Compared to wild types (A, B), mutant animals (E,Fmoww60 allele; I, J hi3357 allele) had reduced lower jaws (arrows) at 5 dpf. Reduced lower jaw (arrow) inmoww60/hi3357 double
heterozygotes (M, N) showed failure of complementation. Alcian blue and Alizarin red staining for cartilage (blue) and bone (red) revealed the lack of cartilage and reduced bones in
mutants (G, H, K, L) compared to wild type (C, D) at 7 dpf. Nomarski optics on dissected pharyngeal skeletons suggested that mutant cartilages (P) condensed in the same areas as
wild types (O), but did not secrete Alcian blue-positive matrix. Abbreviations: cb1-5, ceratobranchials 1 to 5; ch, ceratohyal; cl, cleithrum; ep, ethmoid plate; hs, hyosymplectic;
m, Meckel's cartilage; op, opercle; pq, palatoquadrate; ps, parasphenoid.
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and cleithrum develop by intramembranous ossiﬁcation, and the
hyosymplectic, ceratohyal, and 5th ceratobranchial develop by endo-
chondral ossiﬁcation (Cubbage and Mabee, 1996; Renn et al., 2006),
bothmechanisms of bone formation appear to depend uponwild-type
moww60 function.
Our mapping data (see Fig. 2) suggested that moww60 and the
hi3357 retroviral insertion mutation (Amsterdam et al., 2004; Golling
et al., 2002; Nissen et al., 2006) could be alleles, so we performed
similar gross morphological and histological analyses of hi3357.
Indeed, we found that hi3357 shared the same morphological and
histological defects as observed in moww60 (Fig. 1I–L). Crossing a
heterozygous moww60 male to a heterozygous hi3357 female gave 21
of 98 (21.4%) animals with the mutant phenotype (Fig. 1M and N), as
expected if moww60 and hi3357 fail to complement and thus disrupt
the same gene. Dissections and ﬂat-mounts of pharyngeal cartilages
suggested that chondrogenic cells had reached their appropriate
anatomical locations and condensed normally in hi3357 mutants
(Fig. 1O and P). These results show that the moww60 and hi3357
mutations interrupt a gene essential for deposition of the Alcian blue-
positive extracellular matrix of cartilage and normal bone morpho-
genesis in zebraﬁsh.
moww60 and hi3357 disrupt uxs1
To identify the molecular genetic defect responsible for the
moww60 phenotype, we generated an F2 mapping population. A
genome scan using simple sequence repeats (SSRs) (Knapik et al.,1998; Shimoda et al., 1999) and bulk segregant analysis, showed
that z3124, z9112 and z6663 on linkage group nine (LG9) were
linked to the mutant locus. The genotyping of 480 individuals
from the F2 mapping panel mapped mow about 20 cM from z3124
(Fig. 2A). A search of ZFIN (http://zﬁn.org) for mutants near mow
identiﬁed the pro-viral insertion hi3357, the preliminary character-
ization of which showed decreased Alcian blue staining (Amsterdam
et al., 2004; Golling et al., 2002; Nissen et al., 2006) (see our Fig. 1I–L).
To see if mow maps near hi3357, we used BLAST to search the
zebraﬁsh genome for sequence ﬂanking hi3357 and identiﬁed on
Zv4_scaffold346 an SSR from intron-7 of uxs1, the predicted gene near
the insertion. We genotyped our mow mapping panel using mapping
primers ﬂanking this SSR, and learned that this SSR mapped less
than 0.5 cM from mow, as expected if moww60 and hi3357 disrupt the
same gene.
Sequences ﬂanking the hi3357 insert are similar to the human UDP
xylose synthase 1 (UXS1) gene (Amsterdam et al., 2004; Golling et al.,
2002). Evidence that this sequence is the zebraﬁsh ortholog of UXS1
comes from phylogenetic analysis and conserved syntenies. A
neighbor-joining phylogenetic tree of amino acid sequences from
organisms as diverse as humans and prokaryotes (Fig. 2B) shows that
the protein disrupted by moww60 and hi3357 falls in the Uxs1 clade
of the tree, well-separated from the next most similar clade, Tgds
(TDP-glucose 4,6-dehydratase), which itself has a zebraﬁsh ortholog
(NP_956111). Analysis of conserved syntenies conﬁrms orthologies:
the sequence lying to the immediate right of uxs1 on zebraﬁsh LG9 is
zgc:112443, whose reciprocal best BLAST hit in the human genome
is ECRG4, which lies adjacent to UXS1 on human chromosome 2. The
Fig. 2.Mapping, cloning, and sequencing ofmow. (A) LG9 from the HS panel above (Woods et al., 2005) and the interval mapped on themowmapping panel below. Distances are in
centiMorgans (cM). (B) Phylogenetic tree of proteins retrieved by BLASTP search of NCBI, aligned by Clustal-X, and analyzed by neighbor joining showed that the zebraﬁsh protein
disrupted by moww60 falls in the Uxs1 clade, well-separated from the next most closely related protein, TGDS. Sequences and sequence identities listed in Materials and methods.
(C) Nucleotide sequence comparison of uxs1 from homozygous moww60 mutants to wild-type siblings and reference sequence NM_173242 revealed a G-to-A replacement at
nucleotide position 1283 (arrow). (D) Amino acid sequence alignment of the portion of Uxs1 corresponding to the nucleotides shown in part C for zebraﬁsh (WT), zebraﬁsh
(moww60) with the arginine (R) to histidine (H) substitution at position 233, human, chicken, frog Xenopus tropicalis, sea squirt Ciona intestinalis (translated from genomic sequence,
CINT1.95:scaffold_505), fruit ﬂy Drosophila melanogaster (CG7979-PA), fungus Cryptococcus neoformans (AAM22494) and mustard plant Arabidopsis thaliana (NP_190920). Unless
otherwise noted, sequences were the same as those used in panel B. (E) Structure of the zebraﬁsh uxs1 gene, showing the location of the hi3357 viral insert in exon 1 (Amsterdam
et al., 2004; Golling et al., 2002; Nissen et al., 2006) and the position of the moww60 nucleotide substitution in exon 9.
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for 450 million years since the divergence of human and zebraﬁsh
lineages (Hedges, 2002).
To identify the induced molecular change in moww60, we
sequenced overlapping fragments ampliﬁed across uxs1 from mutant
cDNA template and found eight nucleotide differences from the
reference sequence NM_173242: four differences are present inESTs of wild-type zebraﬁsh and thus represent naturally occurring
polymorphisms; one causes a synonymous change; two are in the 5’
untranslated region; and one changes a guanine (G) to adenosine (A)
at nucleotide position 1283 in the highly conserved exon 9 (Fig. 2C
and E). The G1283A change replaces arginine 233 with histidine
(R233H) in a ten amino acid portion of the Uxs1 protein that is nearly
invariant among all sequenced animals and fungi (Fig. 2D). In
405B.F. Eames et al. / Developmental Biology 341 (2010) 400–415summary, our genetic mapping data and gene sequencing data
support the inference from the complementation study (Fig. 1M
and N) that moww60 and hi3357 disrupt the same gene, uxs1.
Uxs1 is one of the most strongly conserved non-mitochondrial proteins
Sequence alignments showed remarkably strong conservation of
Uxs1 sequence across all three domains of life. Compared to the Uxs1
of the prokaryote bacterium R. rubrum, eukaryotes have 55% to 63%
identity (vertebrates, such as human, mouse, chicken, frog, and ﬁsh,
had 57% amino acid identity; insects, such as fruit ﬂy and beetle, 59%,
a fungus (C. neoformans) 55%; andplants, such as rice andmustard, 62–
63%). An archaebacterium, for exampleMethanocaldococcus vulcanius,
has 51%, while other bacteria have about 50% or more identity
(Rhizobium leguminosarum, 54%, Escherichia coli, 68%, Thermotoga
neapolitana, 49%). To see how Uxs1 ranks on a list of conserved
proteins, we compared the human proteome to the proteome of the
bacterium R. rubrum by BLAST analysis, ranked the results by E-value,
and examined the literature for sub-cellular localization of each
hit, ruling out mitochondrial proteins encoded by nuclear or mito-
chondrial genomes. Results showed that Uxs1 (E-value=2.10E−100)
ranked ﬁfth on the list after GPI, IDH1, ADH5, and GMDS, which had
E-value scores of 2.80E−179 to 2.20E−117 and % identities of 61% to
66%.We conclude that the amino acid sequence of Uxs1 has been one
of the most strongly conserved proteins for over 3 billion years of
biological evolution.
Molecular function and structure of mutant Uxs1
Because it disrupts sequences directly upstream of translation
initiation, uxs1hi3357 is likely a null allele (Fig. 2E). Given the pheno-
typic similarity of moww60 to uxs1hi3357, we wanted to determine
whethermoww60 is also a null allele and to try to understandwhyUxs1
is so strongly constrained for life on Earth. Zebraﬁsh Uxs1 shares 86%
sequence identity to the human enzyme,withmost sequence diversity
residing in the amino terminal transmembrane domain. The soluble
domains ofUxs1 that include arginine 233 share 96% sequence identity
between zebraﬁsh and human. To determinewhether the arginine-to-
histidine replacement observed inmoww60 changes a site essential for
enzyme activity, we replaced the equivalent arginine with a histidine
in the human enzyme (R236H; hereafter all residues are referred to
with zebraﬁsh numbering, i.e. R233H).We then assayed thewild-type
and mutant enzymes for activity. Results showed that the mutant
enzyme did not convert the substrate UDP-glucuronic acid to the
product, UDP-xylose, but the wild-type enzyme made this conversion
readily (Fig. 3A). This result shows that the substitution of arginine
by histidine at this position is sufﬁcient to eliminate the enzymatic
function of Uxs1 protein.
Using the unpublished, publicly available crystal structure of
human UXS1 (The Structural Genomics Consortium, PDB entry 2B69),
we modeled the zebraﬁsh R233H mutation. The crystal structure of
UXS1 revealed a homodimer with each subunit containing a molecule
of nicotinamide adenine dinucleotide (NAD) bound in the active site
(Fig. 3B). Arg233 is buried in the dimer interface about 16 Å distant
from NAD, and it appears to stabilize the dimer interface. The
guanidinium of Arg233 makes hydrogen bonds with the main-chain
carbonyl oxygen atoms of Trp216 and Val202 (Fig. 3C). Arg233 also
interacts with residues from the other subunit bymaking a salt-bridge
with Glu230 and a hydrogen bond to the main-chain carbonyl oxygen
of Val219.
Our modeling predicts that mutating Arg233 to histidine would
disrupt the dimer interface because a histidine cannot satisfy the salt-
bridge with Glu230 without introducing unfavorable contacts
throughout the interface. Dimerization of the R233H mutant would
bury the two acidic residues (one from each subunit) without a basic
residue to neutralize the charge. Burying an uncompensated acid isenergetically costly and will destabilize protein structure (Dao-pin
et al., 1991). In addition, histidine cannot satisfy the extensive
hydrogen bonding network supported by the guanidinium of Arg233
(Fig. 3D). The carbonyl oxygens of Trp216 and Val219 of the other
subunit are 3.3 Å apart, which would result in unfavorable electro-
static interactions in the absence of Arg233. Finally, histidine is not
isosteric to the well-packed Arg233, and its bulky imidazole ring in
place of the alkyl portion of the arginine side chain would introduce
unfavorable contacts in the interface. Crystallographic analysis of
an arginine-to-alanine substitution at this position in human UXS1
indicates local secondary structure disordering at the dimer interface
(SJP and ZAW, in prep.). This evidence shows that the zebraﬁsh R233H
mutation should disrupt the Uxs1 dimer, thereby abolishing enzyme
activity.
Expression of uxs1 in zebraﬁsh development
If the phenotype of moww60 is caused by disruption of uxs1, then
uxs1 should be expressed in craniofacial regions at or before the
developmental defect becomes apparent. RT-PCR andwhole-mount in
situ hybridization experiments showed that one-cell embryos have
maternal uxs1 transcript (Fig. 4A and B). Under the RT-PCR conditions
used, uxs1 signal decreased during epiboly and increased during
segmentation stages (Fig. 4A), as if maternal mRNA gradually
disappeared and was replaced by zygotic transcript. At 24 hpf, in
situ hybridization on sectioned and whole-mounted embryos
revealed uxs1 transcript in ventral craniofacial domains and along
the yolk-endoderm boundary (Fig. 4C and D). At 2 and 3 dpf, uxs1
transcripts were broadly distributed throughout the head, appearing
in the pharyngeal arches, eye, ﬁn bud, neurocranium, notochord, and
brain (Fig. 4E and F). At 5 dpf, uxs1 expression localized to the
developing pharyngeal arch cartilages in both chondrocytes and
perichondrium (Fig. 4G and G′). We also observed that uxs1 transcript
is diminished in uxs1hi3357 larvae at 5dpf (Fig. 4H and H′), suggesting
that transcript containing the viral insert is unstable. These results
show that uxs1 transcript is localized in a pattern consistent with the
mutant craniofacial phenotype, and that transcript instability may
contribute to the loss of uxs1 function in uxs1hi3357 larvae.
uxs1 mutants show altered morphogenesis of cartilage, perichondrium,
and dermal bone
To identify cellular mechanisms responsible for the disruption of
skeletal development in uxs1mutants, we crossed uxs1mutant alleles
into the transgenic line Tg(ﬂi1:EGFP)y1, which expresses green
ﬂuorescent protein (GFP) in developing skeletogenic neural crest
cells (Lawson and Weinstein, 2002). Dual-channel confocal micros-
copy of vital Alizarin red-stained wild-type and mutant larvae of
the Tg(ﬂi1:EGFP)y1;uxs1hi3357 and Tg(ﬂi1:EGFP)y1; moww60 strains
highlighted both crest-derived chondrocytes and bone calciﬁcation
centers in living animals. In 4 dpf wild types, cells had already begun
to stack in craniofacial cartilages (Fig. 5A and E). In 4 dpf uxs1mutants,
however, chondrocytes did not intercalate with their neighbors and
stack normally (Fig. 5C and G). In 7 dpf wild-type larvae, chondrocytes
maintained their intercalated and stacked organization, and the bone
collar had started to form around the central portion of the ceratohyal
(Fig. 5B and F). Additionally, Alizarin red staining revealed the growth
of dermal bones, such as the dentary, which by 7 dpf had proceeded
laterally from its location in 4 dpf larvae. In 7 dpf uxs1 mutants,
however, chondrocytes remained rounded, with little intercalation,
and were spatially disorganized (Fig. 5D and H). Likewise, the mutant
dentary showed defective morphogenesis, failing to extend as far
laterally as in wild-type animals (compare Fig. 5B–D). The perichon-
drium, which depends on signaling from chondrocytes, was not well
organized in mutants, lacking the continuous ﬂattened layer of cells
seen in wild types (compare Fig. 5F–H, arrows). At both 4 and 7 dpf,
Fig. 3. Effects of the moww60 mutation on Uxs1 function and structure. (A) Capillary zone electrophoresis chromatogram of enzyme reactions catalyzed by wild-type human UXS1
(lower black trace) or mutated UXS1 corresponding to the zebraﬁsh moww60 (R233H, upper red trace). Peaks represent absorbance at 260 nm and are on the same scale, but offset
vertically for ease of comparison using Plot (http://plot.micw.eu). UXS1 with the moww60 mutation produced no detectable enzyme product, UDP-xylose, after an 18 h incubation
with substrate (UDP-glucuronate) at 37 °C but the wild-type enzyme converted nearly all of the substrate into product. (B) Ribbon drawing of the crystal structure of dimerized
human UXS1 (PDB entry 2B69), with different monomers colored orange and purple. NAD (red and blue) and the side chains corresponding to zebraﬁsh R233 (green and blue) are
depicted as sticks. (C, D) Conserved hydrogen bonding and salt bridge interactions (dashed pale blue lines) revealed the structural consequences of the zebraﬁsh R233H substitution
(D) at the dimer interface, compared to wild-type (C). The histidine (red sticks in D) was modeled in several of its common rotomeric states to illustrate the unfavorable contacts it
introduces and its inability to satisfy the electrostatic interactions of the R233 guanidinium. Depiction of R233 (green sticks) provided as a frame of reference. Numbering
corresponds to zebraﬁsh residues. Figure generated using Pymol (DeLano, 2002).
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mutants andwild types, althoughmutant cartilage elements appeared
shorter, suggesting a failure in elongation. These data demonstrate
that uxs1 functions in many aspects of skeletal morphogenesis,
helping chondrocytes intercalate and stack, driving cartilage elonga-
tion, and directing perichondral and dermal bone morphology.Proteoglycan levels are reduced in uxs1 mutants
We next sought to identify molecular alterations in the mutant ECM
that might provide a mechanism for observed defects in skeletal his-
togenesis andmorphogenesis. To investigatewhetheruxs1 is required for
normal proteoglycan biosynthesis, we used biotinylated-succinylated
Fig. 5. Cellular visualization of cartilage and bonemorphologies inwild-type and uxs1mutant larvae. (A–H) Optical sections of live Alizarin red-stained Tg(ﬂi1:EGFP)y1 larvae, ventral
views, at 4 dpf and the same individuals at 7 dpf. (E–H) Focus on the ceratohyal. In wild types (A, B, E, F), chondrocytes stacked and were lined with a ﬂattened layer of perichondral
cells (white arrow in F). Ossiﬁcation centers stained with Alizarin red, reﬂecting perichondral bone formation in the ceratohyal and hyosymplectic and intramembranous ossiﬁcation
in the dentary and maxilla. In homozygous uxs1hi3357 animals (C, D, G, H); however, chondrocytes were disorganized, the perichondral sheath did not align properly (white arrow in
H), and Alizarin red-positive ossiﬁcation centers (dentary, maxilla, and ceratohyal) were severely reduced in perichondral and intramembranous sites. Abbreviations: ch, ceratohyal;
de, dentary; hs, hyosymplectic; m, Meckel's cartilage; max, maxilla; pq, palatoquadrate.
Fig. 4. uxs1 expression during zebraﬁsh embryogenesis. (A) RT-PCR for uxs1 transcript in animals of indicated ages, along with β-actin positive controls. Maternal uxs1 mRNA was
detected at the 1–2 cell stage and detection decreased at sphere-dome stage. Zygotic uxs1 expression appeared to increase gradually and was maintained at least through 5 dpf.
(B) Whole-mount in situ hybridization of a one-cell embryo revealed transcript in the fertilized egg. (C, D) Whole-mount (C) and section (D) of 24 hpf embryos illustrated general
expression of uxs1 in brain and craniofacial mesenchyme, as well as in the yolk syncytial layer. The dashed line in panel C indicates the plane of section in panel D. (E) Lateral view of
whole-mount 2 dpf embryo showedwidespread uxs1 expression in the craniofacial region. (F–H) Horizontal sections of 3 dpf (F) and 5 dpf (G,H) animals. Expression of uxs1 became
localized to layers of the retina, brain, and cartilages of the pharyngeal arches. Levels of uxs1 transcript were severely reduced or absent in pharyngeal regions of uxs1hi3357 embryos.
High magniﬁcation of 5 dpf ceratohyals shows uxs1 expression in both chondrocytes (c) and perichondral cells (pc) of wild types (G’), but low transcript levels in uxs1hi3357 embryos
(H’). Abbreviations: bp, basal plate; c, chondrocyte; cb1-5, ceratobranchials 1-5; ch, ceratohyal; e, eye; f, ﬁn bud; fb, forebrain; hb, hindbrain; hs, hyosymplectic; mb, midbrain; no,
notochord; pc, perichondrium; pq, palatoquadrate; y, yolk; ysl, yolk syncytial layer.
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408 B.F. Eames et al. / Developmental Biology 341 (2010) 400–415wheat germ agglutinin (WGA) to stain N-acetylglucosamine, a sugar
found in the GAG chains of cartilage proteoglycans (Lang et al., 2006). In
wild types at 5 dpf, WGA localized to cartilages of the pharyngeal arches
(Fig. 6A). At higher magniﬁcation, WGA staining appeared in organized
layers between cells in the palatoquadrate and in ceratobranchial-1
(Fig. 6C). WGA-positive material also appeared in intracellular foci
(data not shown), possibly due to N-acetylglucosamine within the
Golgi complex of chondrocytes. In homozygous uxs1hi3357 and moww60Fig. 6. Proteoglycan detection in wild-type and uxs1 mutant skeletons. (A–F) Whole-
mount wheat germ agglutinin (WGA) staining to visualize N-acetylglucosamine,
ventral views. (G–J) Whole-mount immunostaining against heparan sulfate (G, H) and
chondroitin sulfate (I, J) proteoglycans, ventral views. Dissected pharyngeal cartilages
revealed reduced WGA staining in uxs1hi3357 mutants (B, D), compared to wild-type
siblings (A, C) at 5 dpf. Higher magniﬁcation of ceratohyal regions also showed that
WGA-positive material was not deposited normally in mutants (D), compared to
organized deposition in wild types (C). Dissected pectoral ﬁns showed that both
endoskeletal disc and actinotrichia had less WGA staining and fewer actinotrichia in
uxs1hi3357 mutants (F), compared to wild-type siblings (E) at 5 dpf. Immunodetection of
heparan sulfate demonstrated that HSPGs were localized to pharyngeal domains in wild
type (G), but HSPGs were not detectable in homozygous uxs1hi3357 animals (H). Similarly,
immunodetection of chondroitin sulfate was abundant inwild-type cartilages (I), but was
absent inuxs1mutants (J). Abbreviations: at, actinotrichia; cb1-5, ceratobranchials 1-5; ch,
ceratohyal; ed, endoskeletal disc; m, Meckel's cartilage; pq, palatoquadrate.mutants; however, WGA was reduced or absent in cartilages of the
pharyngeal arches, including the ceratohyal and Meckel's cartilage
(Fig. 6B, and data not shown). Moreover, cartilage morphologies were
disorganized, and WGA staining was irregularly dispersed between
limited numbers of cells in mutants (Fig. 6D). In the appendicular
skeleton of wild types, the endoskeletal disc stained with WGA and
abundant actinotrichia formed a ﬁlamentous ﬁn tip (Fig. 6E). Homozy-
gous uxs1 mutants, however, showed little WGA staining in their
diminutive endoskeletal discs and their actinotrichia were reduced in
number and stained poorly (Fig. 6F).
If uxs1 mutants fail to make UDP-xylose for the tetrasaccharide
linker, then they should not produce heparan sulfate or chondroitin
sulfate proteoglycans (HSPGs, CSPGs). In wild types at 3 dpf, heparan
sulfate antibody (α-HS) identiﬁed HSPGs in pharyngeal arches and
pectoral ﬁn (Fig. 6G). In homozygous uxs1 mutant heads, however,
staining disappeared (Fig. 6H), showing that uxs1 activity is essential
for the formation of HSPGs. Similarly, immunodetection of CSPGs was
abundant in wild-type cartilage at 3 dpf, but uxs1 mutants failed to
show any evidence of CSPGs (Fig. 6I and J). Together, these results
show that uxs1 function is required for proteoglycan expression and
localization in pharyngeal cartilages, and is necessary for normal
development of pectoral appendages.
Uxs1 activity regulates expression of skeletal collagens
Surprisingly, we discovered that proper expression of collagenous
ECM components relied on Uxs1-dependent proteoglycan production.
First, we investigated the expression of col2a1a, which encodes a
major collagen of cartilage (Hamerman, 1989; Yan et al., 1995).
Compared to wild-type siblings, homozygous uxs1mutant embryos at
3 dpf had increased levels of col2a1a transcript in craniofacial cartilage
elements (Fig. 7A and B). In situ hybridization of sections of 5 dpf
larvae conﬁrmed increased col2a1a transcript levels in developing
chondrocytes of uxs1 mutant ceratohyals (Fig. 7C and D). Differences
between wild types and uxs1 mutants were also apparent upon
analysis of Col2a1 protein. Immunohistochemistry revealed that
Col2a1 was present in all craniofacial cartilages and in the ﬁn in
wild types at 5 dpf (Fig. 7E). In contrast, Col2a1 protein was almost
completely absent from craniofacial cartilages of homozygous
moww60 and uxs1hi3357 mutants and was greatly reduced in the ﬁn
(Fig. 7F, and data not shown). These results show that uxs1 normally
inhibits the accumulation of col2a1a transcripts, but, somewhat
paradoxically, promotes the deposition and/or maintenance of
stainable Col2a1 protein in the extracellular matrix.
Type X collagen (Col10a1) is a marker of both osteoblasts and
maturing chondrocytes in teleosts (Avaron et al., 2006; Clement et al.,
2008; Simoes et al., 2006). In wild types, whole-mount in situ
hybridization at 5 dpf showed that col10a1 is expressed in osteoblasts
of both the endochondral (e.g., ceratohyal, hyomandibular) and
intramembranous (e.g., opercle, dentary) skeletons (Fig. 7G and I). In
homozygous uxs1 larvae at 5 dpf, however, col10a1 expression
occurred only in dermal bones, and these expression domains were
generally smaller than normal (Fig. 7H and J). Endochondral
ossiﬁcation appeared delayed or absent in uxs1 mutants at 5 dpf,
since perichondral col10a1 expression is missing from the mutant
ceratohyal, but is obvious in wild types at this stage. Because
chondrocyte maturation also reﬂects the degree to which endochon-
dral ossiﬁcation has progressed, we performed in situ hybridization on
sections to analyze chondrocyte col10a1 expression. At 5 dpf,maturing
chondrocytes in the mid-diaphyseal region of wild-type ceratohyals
expressed col10a1, whereas uxs1mutants failed to express thismarker
of chondrocyte maturation (Fig. 7K and L). Collectively, these results
demonstrate that uxs1 function is essential for the induction and/or
maintenance of skeletal collagens, such as Col2a1 and col10a1, and
suggest that thematuration of ceratohyal chondrocytes to the col10a1-
expressing stage relies upon Uxs1-dependent proteoglycans.
Fig. 7. Collagen detection in wild-type and uxs1mutant skeletons. (A–D)Whole-mount
(A, B) and horizontal section (C, D) in situ hybridization for col2a1a gene expression;
(E, F) whole-mount immunostaining for Col2 protein; (G–L) whole-mount (G–J) and
horizontal section (K, L) in situ hybridization for col10a1 gene expression. Expression of
col2a1a increased in developing cartilage of uxs1hi3357 mutants in lateral views of the
head at 3 dpf (B) and ceratohyal sections at 5 dpf (D), compared to wild-type siblings
(A, C). Longer substrate developing times demonstrated that col2a1a levels are high in
cartilage of both wild type and mutant heads at 3 dpf (A′, B′). In contrast, although
Col2a1 protein was easily detected in wild type cartilages (E) in ventral view at 5 dpf, it
was not detected in mutant cartilages (F). Lateral (G, H) and ventral (I, J) whole-mount
views showed that domains of col10a1 gene expression were greatly reduced in regions
of endochondral and intramembranous skeletal elements in 5 dpf uxs1 mutants (H, J),
compared towild types (G, I). In situhybridizationonhistological sectionsof the ceratohyal
at 5 dpf illustrated reducedperichondral stainingof col10a1 inmutants (L), comparedwith
wild types (K). Also, chondrocyte expression of col10a1 was absent in mutants, although
wild-type ceratohyal chondrocytes strongly expressed col10a1. Abbreviations: bsr,
branchiostegal ray; cb1-5, ceratobranchials 1-5; ch, ceratohyal; cl, cleithrum; de, dentary;
ent, entopterygoid; ep, ethmoid plate; f, ﬁn; hm, hyomandibular; hs, hyosymplectic;
m, Meckel's cartilage; max, maxilla; op, opercle; pq, palatoquadrate; ps, parasphenoid.
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The transcription factors Sox9 and Runx2 have been thought of as
master regulators of cartilage and bone, respectively (Akiyama, 2008;
Eames et al., 2003; Eames and Helms, 2004; Eames et al., 2004; Otto
et al., 1997; Yoshida and Komori, 2005). To determine whether the
molecular defects in skeletal histogenesis that we discovered in uxs1
mutants result from Uxs1-dependent expression of these important
regulators, we compared the expression patterns of sox9a, sox9b,
runx2a, and runx2b in wild-type and uxs1mutant larvae in histological
sections.
Ceratohyal cartilages in wild-type zebraﬁsh express sox9a in
chondrocytes at 3 dpf, but sox9a becomes down-regulated at 5 dpfin the mid-diaphyseal region as chondrocytes mature (Fig. 8A and C).
In contrast, the ceratohyal of uxs1 mutants over-expresses sox9a and
fails to down-regulate sox9a on the normal schedule (Fig. 8B and D).
We did not detect any differences in sox9a expression between
wild types and uxs1 mutants at 48 hpf (data not shown). Therefore,
up-regulation of sox9 in mutants only occurred after chondrogenic
cells in wild types began to secrete abundant proteoglycans at 3 dpf,
as detected by antibodies to chondroitin sulfate (data not shown).
Chondrocytes of the wild-type ceratohyal do not express sox9b at 72
hpf, although sox9b expression is high in developing chondrocytes at
48 hpf (Fig. 8E, data not shown; (Yan et al., 2005). In uxs1 mutants,
however, weak sox9b expression persists inappropriately in cera-
tohyal chondrocytes at 3 dpf (Fig. 8F). In wild types, runx2a and
runx2b are expressed in the perichondrium of the ceratohyal in 3 dpf
larvae (Fig. 8G and I). As would be expected from the previous defects
in perichondral bone of uxs1 mutants, runx2a and runx2b expression
in cells surrounding condensed ceratohyal chondrocytes was de-
creased (Fig. 8H and J). In addition, runx2b expression in chondrocytes
of the ceratohyal was up-regulated in uxs1mutants compared to wild
types at 3 and 5 dpf (Fig. 8I–L). Normal expression of runx2a does not
occur at high levels in chondrocytes, and we saw no ectopic runx2a
expression in mutant chondrocytes.
Because FGF signaling drives sox9 expression in chondrocytes
(Coumoul and Deng, 2003; de Crombrugghe et al., 2000; Eames and
Schneider, 2008; Itoh and Ornitz, 2004), and because proteoglycans
are known to affect FGF signaling (Ornitz, 2000; Pellegrini, 2001), we
sought to determine whether the uxs1 mutation increased sox9
expression through increased FGF signaling. While transcripts of the
FGF-responsive genes sprouty4 and pea3 were not detected in
chondrocytes of the ceratohyal at 3 dpf (data not shown), erm
expression was found in few chondrocytes in wild types (Fig. 8M).
Supporting the notion that FGF signaling is up-regulated in early
cartilages of uxs1mutants, erm expression was detected at high levels
in all mutant chondrocytes (Fig. 8N). From these data, we conclude
that uxs1 normally acts as a negative regulator of sox9a, sox9b, and
runx2b in chondrocytes, perhaps throughmodulation of FGF signaling,
and that uxs1 function is required to turn on runx2a and runx2b in the
perichondrium.
uxs1 mutants and Hedgehog signaling
Aberrant Hedgehog (Hh) signaling could explain many aspects of
the described skeletal phenotype in uxs1 mutants because Hh
signaling drives proper histogenesis and morphogenesis of cartilage
and perichondrium during endochondral ossiﬁcation (Colnot et al.,
2005; Cortes et al., 2009; Kronenberg, 2003; St-Jacques et al., 1999). In
addition, proteoglycans are important for growth factor signaling,
including that of the Hh family (Koziel et al., 2004; Lin, 2004). In
normal development, Indian hedgehog (Ihh) is expressed in maturing
chondrocytes, while expression of Patched (Ptc), a Hh receptor and
target of Hh signaling, is restricted to proliferating chondrocytes and
perichondrium (Avaron et al., 2006; Iwasaki et al., 1997; Nakase et al.,
2001; Nakashima and de Crombrugghe, 2003; St-Jacques et al., 1999;
Vortkamp et al., 1996). In wild-type ceratohyals at 5 dpf, ihha and ihhb
were expressed in maturing chondrocytes located at the mid-
diaphyseal region (Fig. 9A and C). In homozygous uxs1 mutants,
expression of ihha and ihhb was detected in chondrocytes of the
ceratohyal, although it was unclear whether the overall expression
pattern within the skeletal element was normal, due to the disrupted
organization of the mutant cartilage (Fig. 9B and D). Similar patterns
were observed at 4 and 6 dpf (data not shown). Given ihh expression
in mutant cartilages, we next assayed for evidence of Hh signaling,
which should be apparent in the expression of ptc1 and ptc2
(Goodrich et al., 1996; Lewis et al., 1999). In wild-type 5 dpf
ceratohyals, ptc1 and ptc2 expression was relatively high in
perichondrium and low in chondrocytes (Fig. 9E and G). Homozygous
Fig. 8. Detection of molecular regulators of skeletogenesis in uxs1mutant cartilage. (A–N) In situ hybridization on horizontal sections through the ceratohyal for sox9a (A–D), sox9b
(E, F), runx2a (G, H), runx2b (I–L), and erm (M, N). Wild-type chondrocytes in the mid-diaphyseal region showed decreased sox9a expression from 3 dpf (A) to 5 dpf (C) as they
matured. Not only did chondrocytes of uxs1hi3357 mutants fail to show this down-regulation over time (B, D), but in addition, sox9a expression overall was much higher in mutants
compared to wild types. Expression of sox9bwas absent in wild-type chondrocytes at 3 dpf (E), but transcripts were detected in uxs1mutants (F). runx2a expression was obvious in
perichondrium of wild types at 3 dpf (G), but was absent in uxs1mutants (H). runx2b expression was found in perichondrium of wild types at 3 dpf (I) and 5 dpf (K), but was not
easily detected in perichondrium of mutants at these timepoints (J, L). In addition, chondrocyte expression of runx2b was much higher in uxs1 mutants compared to wild types at
3 and 5 dpf. Expression of the FGF-responsive gene ermwas found in just a few wild-type chondrocytes at 3 dpf (M), whereas erm transcripts were at high levels in all uxs1mutant
chondrocytes (N). Abbreviations: ch, ceratohyal; md, mid-diaphyseal region; pe, perichondrium.
Fig. 9.Markers of Hedgehog signaling during uxs1mutant endochondral ossiﬁcation. (A–J) In situ hybridization on horizontal sections through 5 dpf ceratohyal for ihha (A, B), ihhb
(C, D), ptc1 (E, F), ptc2 (G, H), and gli3 (I, J). Wild-type expression of ihha (A) and ihhb (B) appeared similar to that observed in uxs1hi3357 mutant chondrocytes (B, D). Compared to
wild-type perichondrium (E, G, I), uxs1 mutant perichondrium demonstrated increased expression of ptc1 (F), ptc2 (H), and gli3 (J).
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ptc1 and ptc2 probes, but expression in the perichondrium and
surrounding tissues appeared to be up-regulated compared to wild
types (Fig. 9F and H). Additional markers of Hh signaling, such as gli1,
gli2, gli3 and pthrp1 and pthrp2 genes (Katoh and Katoh, 2009), were
analyzed. Most of these genes showed weak expression in cartilage
or perichondrium at this timepoint in both wild-type and mutant
ceratohyals (data not shown), although gli3 transcripts were at
slightly higher levels in cells surrounding uxs1 mutant cartilage than
those observed in wild-type siblings (Fig. 9I and J). From these data,
we conclude that Hedgehog signaling appeared to be functional and
elevated during endochondral ossiﬁcation in uxs1mutants, suggesting
that normal Uxs1 activity inhibits Hh signaling.
Discussion
A unique model for analysis of Uxs1 function in vertebrates
Uxs1 is required for many functions of proteoglycans because
this enzyme converts UDP-glucuronic acid to UDP-xylose, which is
the initial sugar added to the core protein of many proteoglycans
(Bar-Peled et al., 2001). Our phylogenetic analyses revealed Uxs1 to
be one of themost broadly and strongly conserved non-mitochondrial
proteins, with 57% amino acid identity shared between the bacterial
and human enzymes. Despite its central biological importance,
however, mutational analysis of Uxs1 function has been limited to
three experimental systems, only one of which is a multicellular
organism. Amutant pathogenic fungus C. neoformans shows that Uxs1
is required for fungal virulence through its action in biosynthesis of
the capsule (Moyrand et al., 2002). Also, a Chinese hamster ovary
Uxs1-mutant cell line (pgsI-208) was recently identiﬁed, providing
insight into subcellular trafﬁcking of UDP-xylose (Bakker et al., 2009).
Finally, the sqv-1 mutants of C. elegans demonstrate the requirement
of Uxs1 in vulval morphogenesis and early zygotic cytokinesis
(Hwang and Horvitz, 2002). With respect to vertebrates, however,
zebraﬁsh mutants offer both to reveal unique Uxs1 functions during
skeletal histogenesis and morphogenesis, and to elucidate novel roles
for proteoglycans.
We report here the functional consequences of twomutant alleles in
zebraﬁsh uxs1. The zebraﬁshmutation hi3357 contains an insertion into
a gene with reciprocal best BLAST relationship to human UXS1 (Golling
et al., 2002; Nissen et al., 2006), and the moww60 mutation revealed a
single disruptive nucleotide substitution in uxs1 that changes an
arginine to a histidine (R233H) in the Uxs1 protein. Arginine at this
position has been conserved in all sequenced multicellular eukaryotes
(plants, fungi, animals) for at least 1.6 billion years (Wang et al., 1999),
as would be expected if it were important for enzymatic function. To
determine whether the R233H mutation alters Uxs1 function, we
introduced the same sequence change into the human UXS1 gene and
found that it abolished enzymatic activity. Similar to uxs1hi3357, which
disrupts exon 1 and decreases transcript stability or abundance, we
conclude that moww60 is a null activity allele. Modeling the moww60
mutation with the crystal structure of human UXS1, we found that
histidine cannot satisfy the salt-bridgewith Glu230 or participate in the
hydrogen bonding network supported by Arg233, both of which would
introduce destabilizing contacts in the well-packed dimer interface and
can explain the observed loss of enzyme activity.
Uxs1 function is essential for normal proteoglycan deposition
With insufﬁcient UDP-xylose, proteoglycan synthesis should
diminish, leading to defective extracellular matrix. Our results show
that in the absence of Uxs1 function, negatively charged acidic
mucopolysaccharides (Scott, 1996) and proteoglycans do not accu-
mulate normally in the extracellular matrix of embryonic cartilages.
We observed loss of Alcian blue staining for sulfated glycosaminogly-cans, disruption of WGA staining for N-acetylglucosamine, a sugar in
the GAG chains of cartilage proteoglycans (Lang et al., 2006), and
absence of immunoreactivity to both heparan sulfate proteoglycans
(HSPG), a major proteoglycan of many cell types, including skeletal
cells, and chondroitin sulfate proteoglycans (CSPGs), the most
abundant cartilage proteoglycan. The small amount of WGA staining
we observed in uxs1mutants is likely either due to the synthesis of the
proteoglycan keratan sulfate, which does not use UDP-xylose as a
sugar linker (Knudson and Knudson, 2001), or due to Uxs1 protein,
uxs1 transcript, and/or UDP-xylose deposited maternally.
Uxs1 drives skeletal morphogenesis
Our histological stains and visualization of GFP-labeled cells
revealed that Uxs1 function is required for normal morphogenesis
of cartilage, perichondrium, and bone. Because prechondrogenic
condensations appear on schedule and in correct anatomical locations
in uxs1 mutants, zygotic expression of uxs1 is not essential for the
migration of neural crest cells or for the condensation of the resulting
mesenchyme into pre-cartilage elements. When wild-type embryos
secrete large quantities of ECM, however, uxs1 mutants begin to
display dramatic morphological deﬁcits in both cartilage and
perichondrium. Chondrocytes of uxs1 mutants persist as small,
rounded cells and fail to intercalate and stack. Because both of these
cell movements appear to be required for overall cartilage morpho-
genesis (Kimmel et al., 1998), uxs1 mutants produce shorter, thicker
cartilage elements. In the context that zygotic expression of uxs1 is
necessary for proper morphogenetic behaviors of chondrocytes, it is
signiﬁcant that mutant embryos have concomitant defects in mor-
phogenesis of perichondral cells. This developmental coincidencemay
reﬂect a common origin for precursors of these two cell populations
(Verreijdt et al., 2002) ormay illustrate another dimension of thewell-
documented communication between chondrocytes and perichon-
drium (Karsenty and Wagner, 2002).
Disruption of normal domains of col10a1 expression and Alizarin
red staining in uxs1 mutants shows that Uxs1 activity is required
for normal bone formation along both endochondral and intramem-
branous pathways. While perichondral dysmorphogenesis can ex-
plain bone malformation along the endochondral pathway, our data
demonstrate that proper growth of bones forming by the intramem-
branous pathway, such as the dentary, also requires Uxs1 function.
While intramembranous ossiﬁcation employs proteoglycans, other
mutants in the proteoglycan synthesis pathway (discussed below) do
not show a strong phenotype in this class of bones. Perhaps these
genetic models have no obvious dermal bone phenotype because they
do not affect both heparan and chondroitin sulfate production
simultaneously (discussed below), as occurs in uxs1 mutants. More
generally, the fact that morphological defects in cartilage, perichon-
drium, and bone of uxs1 mutants become apparent at the time that
skeletogenic cells are secreting abundant ECM suggests that Uxs1-
dependent components of the extracellular matrix play a signiﬁcant
role in complex morphogenetic processes. These effects may be
mediated either directly by changing the extracellular environment
upon which morphogenetic movements may rely or indirectly by
proteoglycan inﬂuence on growth factor signaling.
Other vertebrate proteoglycan synthesis mutants
In the pathway of GAG biosynthesis, the substrate of Uxs1 (i.e., UDP-
glucuronic acid) is the product of UDP-glucose dehydrogenase (Ugdh).
In zebraﬁsh, disruption of ugdh by mutation (jekyll) or antisense
knockdown causes a decrease in Alcian blue staining in the pharyngeal
cartilages that is less severe than that of uxs1 (Busch-Nentwich et al.,
2004; Neuhauss et al., 1996;Walsh and Stainier, 2001). If ugdhjekyllwere
a null allele, it would be expected to have a phenotypic effect as strong
as that of uxs1. Thus, the ugdhjekyll Ile331-to-Asp substitution, which
412 B.F. Eames et al. / Developmental Biology 341 (2010) 400–415occupies a nonpolar pocket of the enzyme (Walsh and Stainier, 2001), is
likely to be either a hypomorph or zebraﬁsh hasmechanisms other than
Ugdh to supply UDP-glucuronic acid.
Mutations in genes that encode enzymes downstream of Uxs1 in
GAG synthesis also display disrupted skeletogenesis. Exostosins
(Ext's) attach GAG sugars to growing proteoglycan chains. Full loss
of function mutants for Ext1 and Ext2 in mouse is early embryonic
lethal, precluding skeletal analyses. However, mouse models of
heterozygous Ext loss of function have defects in skeletal homeostasis
and development (Clement et al., 2008; Lin et al., 2000; Stickens et al.,
2005). Additionally, numerous recent studies illustrate the impor-
tance of GAG sulfation in proper skeletal development. For example,
Slc35b2 (formerly called Papst1) is necessary for GAG sulfation.
Zebraﬁsh mutations in ext2, extl3, and slc35b2 result in embryos with
short, wide pharyngeal skeletal elements exhibiting Alcian blue
staining similar to, but generally less severe than, those of uxs1
mutants (Clement et al., 2008; Karlstrom et al., 1996; Lee et al., 2004;
Schilling et al., 1996). Where examined, these mutants also show
reduced bone formation and aberrant bone morphogenesis, including
perichondral bone. While the perichondrium appeared to be
unaffected morphologically in ext2 and slc35b2 mutant zebraﬁsh,
our visualization of GFP-labeled cells in uxs1 mutants clearly reveals
morphological defects in formation of the perichondrium, offering a
new model system in which to study molecular mechanisms of
perichondral development. The similarities of ugdh, uxs1, ext2, and
extl3 mutants indicate that the proteoglycan biosynthetic pathway is
necessary for proper histogenesis and morphogenesis of craniofacial
cartilage and bone in zebraﬁsh, but that the uxs1mutations described
here have themost severe phenotypes. In themouse, numerous genes
in the sulfation pathway of CSPGs have been demonstrated to be
important for proper ECM production in developing cartilage.
Mutations in Jaws (Sohaskey et al., 2008), Gpapp (Frederick et al.,
2008), and Papss2 (Cortes et al., 2009) all result in chondrodysplasias,
and are characterized speciﬁcally by under-sulfated CSPGs.
A novel role for proteoglycans during cartilage histogenesis
We hypothesize that defects in skeletal histogenesis, revealed
from transcriptional proﬁles of such genes as col2a1a and col10a1 in
uxs1 mutant cartilages, can be explained molecularly by Uxs1-
dependent changes to Sox9 and Runx2 activity. Up-regulation ofFig. 10. The role of Uxs1 and the extracellular matrix in skeletogenesis. (A) Uxs1 converts U
linker sugar between the protein core (thick red and blue lines) and subsequent glycosamin
proteoglycans. Endoplasmic reticulum and secretory organelles are omitted for simplicity.
chondrocytes and perichondrium during endochondral ossiﬁcation. (1) Throughout chondr
FGF, that serves to promote sox9 expression, which would otherwise drive col2 transcription
which would otherwise drive expression of markers of chondrocyte maturation, such as ihh.
its action on perichondral pre-osteoblasts by ligand sequestration.col2a1a in developing mutant chondrocytes was associated with
increased transcript levels of sox9a and sox9b. These data can be
explained by the fact that Sox9 regulates Col2a1 transcription in
tetrapods and teleosts (Lefebvre et al., 1997; Yan et al., 2002; Yan
et al., 2005). On the other hand, uxs1 mutant chondrocytes failed to
express the maturation marker col10a1 on the appropriate timetable,
even though runx2b was up-regulated in these cells. Since Runx2 is a
transcriptional activator of Col10a1 expression in tetrapods (Iwamoto
et al., 2003; Komori, 2005; Yoshida et al., 2004; Zheng et al., 2003),
perhaps a repressor of Runx2 protein activity is present in mutant
chondrocytes. Indeed, over-expression of Sox9 in chondrocytes
undergoing endochondral ossiﬁcation abolishes Col10a1 expression
(Eames et al., 2004), and Sox9 protein inhibits activity of Runx2
through a direct molecular interaction (Zhou et al., 2006). Therefore,
elevated expression of sox9a and sox9b in mutant chondrocytes may
obviate the effects of increased runx2b levels, assuming the sox9
mRNAs are translated to increased protein levels in uxs1 mutant
chondrocytes. We conclude that the molecular mechanism by which
histogenic programs are altered in uxs1 mutant chondrocytes is
mediated, at least in part, through aberrant regulation of Sox9 levels
and/or activity.
Why is sox9 gene expression increased in uxs1-deﬁcient chondro-
genic cells? If Uxs1 promotes differentiation of sox9-expressing pre-
chondrocytes, then in the absence of Uxs1 function, these cells would
arrest and accumulate, effectively increasing sox9 expression. How-
ever, our analyses of transgenic animals revealed no dramatic changes
to the number of cells in a pre-cartilage element. Our developmental
time series suggests a novel role for proteoglycans during cartilage
histogenesis: they feed back onto expression of chondrogenic genes,
such as sox9. Up-regulation of sox9 only occurred after chondrogenic
cells began to secrete abundant proteoglycans, as detected by
antibodies to chondroitin sulfate, at 3 dpf. Levels of sox9 transcripts
were similar between wild type and uxs1 mutant chondrogenic
condensations at 48 hpf, for example (data not shown). Therefore,
either proteoglycan-dependent cell signaling (discussed below), or
some other integrin-like mechanism by which cells directly sense
proteoglycans in the ECM, may normally repress sox9 expression
during early stages of chondrocyte differentiation (Fig. 10). While the
answer to this interesting cell biological question remains unclear,
other zebraﬁshmutants of proteoglycan synthesis and secretion show
similarly increased sox9a levels in differentiating chondrocytesDP-glucuronic acid (open circles) to UDP-xylose (closed triangles), which serves as the
oglycan deposition (thin red and blue lines) for heparan sulfate and chondroitin sulfate
(B) Model for signaling roles of proteoglycans as they mediate interactions between
ocyte development, proteoglycans negatively regulate growth factor signaling, such as
. In a similar fashion in maturing chondrocytes, proteoglycans inhibit runx2 expression,
(2)When Ihh is produced by maturing chondrocytes, proteoglycans negatively regulate
413B.F. Eames et al. / Developmental Biology 341 (2010) 400–415(Clement et al., 2008; Lang et al., 2006), suggesting a novel feedback
mechanism from ECM during early stages of chondrogenesis.
Alterations to cell signaling in uxs1 mutants
In Drosophila and vertebrates, proteoglycans can act as co-
receptors in signal transduction pathways (Iozzo, 1998; Lin, 2004;
Lin et al., 1999). We hypothesize that disruption of the ECM, as shown
by the aberrant distribution of Col2a1, N-acetylglucosamine, CSPG,
and HSPG in uxs1mutants, leads to abnormal proteoglycan-facilitated
developmental signaling between chondrocytes and perichondrium
(Goldring et al., 2006; Olsen et al., 2000; Provot and Schipani, 2005).
HSPGs, for example, modify Hedgehog (Hh) signaling, which is an
important mediator between chondrocytes and perichondral cells
during development (Colnot et al., 2005; Cortes et al., 2009;
Kronenberg, 2003; St-Jacques et al., 1999). In Drosophila, the HSPG
protein coremutant dlp is required for proper Hh signaling (Lum et al.,
2003). Also, HSPGs may act as co-factors of ADAM-dependent release
and spread of Shh (Dierker et al., 2009). On the other hand, our ﬁnding
that ptc genes are up-regulated in the perichondrium of uxs1mutants
is in agreement with vertebrate studies of proteoglycan synthesis
mutants. For example, Ext1 mutant mice show increased Ihh activity
and range of Ihh signaling (Hilton et al., 2005; Koziel et al., 2004).
These data inform a model whereby proteoglycans inhibit intensity
and range of Hh signaling, perhaps by ligand sequestration (Fig. 10).
On the other hand, under-sulfation of CSPGs decreased the range
of Ihh diffusion within cartilage matrix (Cortes et al, 2009). In this
light, proteoglycans may exert different effects on short-range
signaling of Ihh to perichondral cells versus long-range Ihh signaling
to periarticular chondrocytes. In fact, these differences may reﬂect
reliance upon HSPG- versus CSPG-mediated Hh signaling.
Many of the defects described here in uxs1 skeletogenesis can be
explained by proteoglycan-dependent alterations to growth factor
signaling as chondrogenic cells embed themselves in abundant ECM.
HSPGs promote a functional signaling complex between Fibroblast
growth factors (FGFs) and their receptors (FGFRs) (Ornitz, 2000;
Pellegrini, 2001) and HSPG sulfation is required for the interaction of
FGFs with their receptors (Nakato and Kimata, 2002). Fgfr2 is expressed
in chondrogenic condensations, and FGF signaling functions upstream
of Sox9 during chondrogenesis (Coumoul and Deng, 2003; de
Crombrugghe et al., 2000; Eames and Schneider, 2008; Itoh and Ornitz,
2004; Ornitz and Itoh, 2001). Interestingly, we found increased
expression of the FGF-responsive gene erm in chondrocytes of uxs1
mutants, suggesting that cartilage proteoglycans, such as CSPGs,
may normally inhibit FGF signaling. Taken together, proteoglycan-
dependent alterations to FGF signaling may explain our ﬁnding that
sox9a and sox9b are up-regulated in uxs1mutant chondrocytes (Fig. 10).
uxs1 and disease
Besides the role of uxs1 in skeletogenesis, defects in proteoglycan-
mediated pathways can disrupt other aspects of human health.
Chondroitin sulfate proteoglycan helps protect neurons against the
buildup of β-amyloid protein, an indicator of Alzheimer's disease
progression (Miyata et al., 2007). Proteoglycans are important for
tumorigenesis, and the blocking of heparan sulfate synthesis may
inhibit metastasis (Belting et al., 2002). Given the central role of UDP-
xylose in proteoglycan biosynthesis, the moww60 zebraﬁsh that we
report here is the ﬁrst thoroughly investigated animal model deﬁcient
in uxs1, and will be a useful tool for studying the role of proteoglycans
in health and disease.
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